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Introduction
Cardiac hypertrophy, initiated by a variety of physiological or pathological stimuli, is an adaptive response of the heart to compensate for the loss or decrease of cardiac function. However, chronic cardiac hypertrophy will gradually decrease the cardiac function and eventually progress into heart failure, arrhythmia and sudden death (Haider et al., 1998; Katz, 2002; Heineke and Molkentin, 2006; Meng et al., 2018) . Cardiac hypertrophy is characterized by enlargement of cardiomyocyte size and reprogramming of fetal genes in cardiomyocytes, including atrial natriuretic factor (ANF), brain natriuretic polypeptide (BNP) and β-myosin heavy chain (β-MHC) (Balakumar and Jagadeesh, 2010; Govindsamy et al., 2018) . As multiple complex cellular events are involved in the development of cardiac hypertrophy, the mechanisms underlying are not well understood.
PKC-ζ is a member of the PKC family of serine/threonine kinases which are involved in a host of cellular processes such as proliferation, differentiation and secretion (Singh et al., 2017a,b) . Unlike the classical PKC isoenzymes which are calcium dependent, PKC-ζ exhibits a kinase activity which is independent of calcium and DAG. The activation of PKC-ζ is dependent on other lipid-derived second messengers, such as phosphatidylinositol (3,4,5)-trisphosphate (PIP 3 ) and ceramide (Simonis et al., 2007; Qvit and Mochly-Rosen, 2010; Steinberg, 2012) . Many studies demonstrate that PKC-ζ is involved in the activation of MAPK and NF-κB, which are important signals that participate in cell proliferation and survival, as well as cardiac hypertrophy (Berra et al., 1995; Leitges et al., 2001) . The expression and activation of PKC-ζ in the left ventricle can be significantly augmented in pathological conditions such as volume overload and pressure overload (Bowman et al., 1997; Borges et al., 2008) . Over-activation of PKC-ζ can increase the expression of ANF in myocardial cells of rats (Decock et al., 1994) . On the contrary, knockout of PKC-ζ prevents cardiac hypertrophy induced by angiotensin II (Ang II) (Garcia-Hoz et al., 2012) . In our previous work, an important mechanism underlying the effect of PKC-ζ on cardiomyocyte hypertrophy was identified, via interaction and activation of STAT3 (Li et al., 2016) . These observations show that PKC-ζ plays a pivotal role in cardiac hypertrophy.
Sirtuin 1 (SIRT1), a member of class III group of histone deacetylases, contains a highly conserved deacetylase domain (Sosnowska et al., 2017) . By deacetylating histones and a growing list of non-histone proteins, SIRT1 regulates a range of cellular events including cell survival, apoptosis, growth, senescence and metabolism (Finkel et al., 2009) . Many studies have suggested that the activation of SIRT1 postpones the progress of cardiac hypertrophy. SIRT1 expression is significantly up-regulated by pressure overload in the heart, and SIRT1 overexpression protects transgenic mice against cardiac hypertrophy induced by ageing (Alcendor et al., 2007) . Moreover, SIRT1 showed protective effects on cardiac hypertrophy induced by phenylephrine, isoprenaline or Ang II treatment (Planavila et al., 2011; Geng et al., 2013) .
Although it is well known that PKC-ζ can be activated by certain lipid metabolites (Steinberg, 2012) , it remains unexplored whether endogenous negative regulators of PKC-ζ participate in the cardiac hypertrophic response. In our preliminary studies, we found that SIRT1 could markedly inhibit the activation of PKC-ζ in the pathogenesis of cardiac hypertrophy. As SIRT1 is a deacetylase, we hypothesized that SIRT1 might regulate the acetylation of PKC-ζ, thereby altering its phosphorylation and activation. Therefore, the present study was designed to investigate the regulatory role of SIRT1 in cardiac hypertrophy and the mechanism of modulating PKC-ζ.
Methods

Animals
All animal care and experimental procedures complied with the Guide for the Care and Use of Laboratory Animals (NIH Publication No. 85-23, revised 1996) , were in accordance with the China Animal Welfare Legislation and were approved by the Research Ethics Committee of Sun Yat-sen University. Animal studies are reported in compliance with the ARRIVE guidelines (Kilkenny et al., 2010; McGrath and Lilley, 2015) . Sprague Dawley (SD) rats (male, weighing 200-220 g, specific pathogen free (SPF) grade, certification no. 44005800004147) (RGD ID: 70508, RRID: RGD_70508) were supplied by the Experimental Animal Center of Guangzhou University of Chinese Medicine (Guangzhou, China). SD rats were housed under controlled environmental conditions (12:12 h light/dark cycle and room temperature 21-23°C) and SPF and had free access to standard laboratory food pellets and water.
Abdominal aortic constriction (AAC) surgery
Pressure overload was induced by AAC according to procedures previously described (Phrommintikul et al., 2008) . SD rats were randomized into two groups and anaesthetized with sodium pentobarbital (30 mg·kg À1 , i.p.). Fentanyl (0.16 mg·kg À1 , s.c.) was given as an analgesic agent. The adequacy of anaesthesia was monitored by evaluating and recording body temperature, cardiac and respiratory rates and pattern, muscle relaxation and lash reflex. Under sterile conditions, the abdominal aorta above the kidneys was exposed through a midline abdominal incision and constricted at the suprarenal level with a 4-0 silk suture tied around both the aorta and a blunted 22-gauge needle. The needle was promptly removed after constriction. Sham-operated group underwent a similar procedure without banding the aorta. SD rats were submitted to AAC surgery (8 weeks) and randomly assigned to treatment with the SIRT1 activator resveratrol (150 mg·kg À1 ·day À1 , intragastric, for 4 weeks) or its vehicle (carboxymethyl cellulose sodium).
Intramyocardial delivery of recombinant adenovirus or adeno-associated virus to six sites along the left ventricular walls by a curved 25-gauge needle (Lu et al., 2016) . After the operation, the surgical wound was sutured, and gentamicin was given to prevent infection. And then isoprenaline (1.5 mg·kg À1 ·day À1 ) was subcutaneously injected for seven consecutive days to induce cardiac hypertrophy. The vehicle control group was given equal treatments of normal saline.
Echocardiography
After treatment, rats were anaesthetized with isoflurane (3%); two-dimensional-guided M-mode echocardiography was performed by a Technos MPX ultrasound system (ESAOTE, Italy) (Vevo 2100, RRID:SCR_015816) (Zhou et al., 2006) . Afterwards, the rats were killed, and then, their hearts were quickly removed for trimming the left ventricles. Five-micrometrethick histological cross sections of the heart tissues were stained with haematoxylin-eosin (HE) for morphometric measurement.
Cell culture
Primary cultures of neonatal rat cardiomyocytes (NRCMs), isolated from the hearts of SD rats (1-to 3-day-old) and identified via a specific assay, were prepared as previously described . The cardiomyocytes were purified and seeded at a density of 1 × 10 6 cells per well onto sixwell plates and then maintained in DMEM supplemented with 10% FBS and 5-bromodeoxyuridine (0.1 mM) at 37°C with 5% CO 2 . After 48 h, NRCMs were incubated in serum-free medium for 24 h before treatment with phenylephrine or other stimuli.
Transfections of plasmids and small-interfering RNA
PcDNA3-myc-SIRT1 and pcDNA3-myc-H363Y plasmids were provided by Kaipeng Huang (The First Affiliated Hospital, Sun Yat-sen University). PKC-ζ plasmid was constructed with pEGFP-N3 and confirmed by DNA sequencing in Sangon Biotech Co., Ltd (Shanghai, China). Cardiomyocytes were transiently transfected with plasmids using Lipofectamine LTX & Plus according to the manufacturer's instructions. The sequences for small-interfering RNA (siRNA) of SIRT1 (si-SIRT1), PKC-ζ (si-PKC-ζ), phosphoinositide-dependent kinase 1 (PDK-1) (si-PDK-1) and negative control siRNA (si-NC) were purchased from Genema (Shanghai, China). The sequences of siRNAs are listed in Supporting Information Table S1 . Cells were transfected with siRNAs using RNAiMAX transfection reagent according to the manufacturer's protocol and then incubated for 48 h before harvesting.
Adenovirus infection
Adenovirus expressing PKC-ζ (Ad-PKC-ζ), SIRT1 (Ad-SIRT1) and GFP (Ad-GFP) were constructed by Vigene Biosciences (Shandong, China). Cells were exposed to Ad-PKC-ζ or Ad-GFP at the multiplicity of infection of 60 for 48 h before they were harvested for RNA or protein extraction. Adenoassociated virus expressing the si-RNA sequence of PKC-ζ was constructed by Hanbio Biotechnology (Shanghai, China). Adenovirus expressing mutant-SIRT1 (Ad-H363Y) was constructed by Genechem (Shanghai, China).
Immunofluorescence assay
Cardiomyocytes were seeded and cultured on glass coverslips. After treatment, cells were washed three times with cold PBS, fixed with 4% paraformaldehyde for 10 min and then permeabilized with 0.3% TritonX-100 for 10 min at room temperature. After another three washes, cells were blocked for 30 min using 10% goat serum, and then, the cells were incubated with rabbit monoclonal antibody against SIRT1 (diluted 
Assay of SIRT1 deacetylase activity
To measure SIRT1 deacetylase activity, a fluorometric assay kit (CY-1151V2; CycLex, Ina, Nagano, Japan) was used according to the manufacturer's instructions. After appropriate treatments, extracts of NRCMs (200 μg) were immunoprecipitated with mouse anti-SIRT1 antibody (diluted 1:100) (Cell Signaling Technology Cat# 8469S, RRID:AB_10999470) overnight and then incubated with 20 μL of protein A/G-agarose beads (Pierce, Rockford, IL, USA) (Thermo Fisher Scientific Cat# 20241) at 4°C for 4 h. The beads were extensively washed, followed by deacetylation assay. First, 'Distilled water', 'SIRT1 Assay Buffer', 'Fluoro-Substrate Peptide' and 'NAD' were added into microtiter plate wells, and then, 'Developer' was added into each well for mixing. Reactions were initiated by adding 'the beads' or 'Buffer of Enzyme Sample' or 'Recombinant SIRT1' to each well at room temperature. Finally, the fluorescence was measured at 360 nm excitation and 460 nm emission using a microplate reader (Tecan, Mannedorf, Switzerland).
Nicotinamide adenosine dinucleotide (NAD) determination
The NAD levels were measured as described previously (Yu et al., 2013) with a slight modification. The cells were suspended in 200 μL of 0.5 M perchloric acid. The cell extract was centrifuged at 12 000× g for 10 min after neutralization with an equal volume of 1 M KOH and 0.33 M KH 2 PO 4 / K 2 HPO 4 (pH 7.5). The supernatant (50 μL, or NAD standard) was added to 200 μL of NAD reaction mixture [600 mM ethanol, 0.5 mM 3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyl tetrazolium bromide, 2 mM phenazine ethosulfate, 5 mM EDTA, 1 mg·mL À1 of BSA and 120 mM bicine, pH 7.8] and incubated for 5 min at 37°C. The reaction was initiated by the addition of 25 mL of alcohol dehydrogenase (0.5 mg·mL À1 in 100 mM bicine, pH 7.8) and stopped by addition of 250 mL of 12 mM iodoacetate after incubation for 20 min at 37°C.
The absorbance of the reaction mixture was read at 570 nm. The NAD content was calculated from the standard curve and normalized to the protein content of the sample.
Measurement of cell surface area
Cardiomyocytes, seeded in 48-well plates, were fixed with 4% paraformaldehyde for 10 min at room temperature, and further incubated with 0.3% TritonX-100 for 10 min, and then incubated with 0.1% rhodamine phalloidin for 1 h. After washing with PBS, the cells were incubated with DAPI (Cell Signaling Technology, Cat# 4083) and assessed by High Content Screening System (Thermo, Arrayscan VTi 600 Plus, USA). The cell surface area from randomly selected fields (50 for each group) was measured.
Western blot assay
Western blot assays were performed as previously described (Huang et al., 2017) . Cardiomyocytes or heart tissues were harvested and lysed for extracting proteins. 
Immunoprecipitation assay
A total of 200 μg protein was incubated with anti-SIRT1 (mouse, diluted 1:100) or anti-PKC-ζ (diluted 1:50) antibodies overnight (normal IgG was used as control) and incubated with protein A/G-agarose beads (Pierce) at 4°C for 4 h. The immunoprecipitated proteins were assayed by Western blotting, as described above.
Quantitative real-time PCR (qRT-PCR)
Total RNA was extracted from rat cardiac tissues or primary cultures of cells with Trizol reagent (Takara Biotechnology, Dalian, China), and 2 μg of total RNA was reversely transcribed to cDNA using Revert Aid First Strand cDNA Synthesis Kit (Thermo Fisher Scientific, USA). The mRNA levels were determined using SYBR-Green Quantitative PCR kit (TOYOBO, Japan) by iCycler iQ system (iCycler, Bio-Rad). The amplification conditions were as follows: 5 min at 95°C, followed by 40 cycles of 30 s at 95°C, 1 min at 55°C and 30 s at 72°C. Rat-specific primers for ANF, BNP, β-MHC and SIRT1 were synthesized by Sangon (Supporting Information Table S2 ). mRNA levels of target genes were measured by qRT-PCR and quantified with respect to the β-actin housekeeping gene. The fold increase or decrease relative to control cells presented was calculated by the 2 ÀΔΔCt method.
Nuclear protein extraction and EMSA
The DNA binding activity of NF-κB was determined by EMSA according to manufacturer's instruction using a Nuclear Extract Kit (Active Motif, Rixensart, Belgium). The sequences of the biotin-labelled oligonucleotide probes for NF-κB were
0 . Five micrograms of nuclear protein was incubated with the mixture [50 ng·mL À1 poly (dIdC), 0.05% Nonidet P-40, 5 mM MgCl 2 and 2.5% glycerol] for 10 min and then incubated with NF-κB probes for 20 min at room temperature. The mixtures were separated by nondenaturing PAGE and transferred to nylon membrane for DNA-protein crosslinks. After blocking for 1 h, the membrane was incubated with HRP-conjugated streptavidin antibodies (1:300) for 15 min and then visualized by Image Quant LAS 4000 mini.
Data and statistical analysis
The data and statistical analysis in this study comply with the recommendations on experimental design and analysis in pharmacology (Curtis et al., 2018) .The data are presented as mean ± SEM. Statistical analyses between two groups were performed with unpaired Student's t-test. Differences among groups were assessed by one-way ANOVA with the Bonferroni post hoc test. In all cases, a value of P < 0.05 was considered statistically significant.
Materials
Phenylephrine was purchased from Tocis Bioscience (Bristol, UK) (Tocris Bioscience Cat# 2838 , phospho-PDK-1 (rabbit, diluted 1:1000) (Cell Signaling Technology Cat# 3061S, RRID:AB_2161919) and PDK-1 (rabbit, diluted 1:1000) (Cell Signaling Technology Cat# 3062, RRID:AB_2236832) were purchased from Cell Signaling Technology (Boston, USA). Resveratrol was purchased from Aladdin (Shanghai, China). Isoprenaline(Sigma-Aldrich, Cat# I5627), EX527 (selisistat; Sigma-Aldrich, Cat# E7034) and antibodies against phospho-PKC-ζ (Thr410) (rabbit, diluted 1:1000) (Sigma-Aldrich, Cat# SAB4503773, RRID: AB_2750603), β-MHC (mouse, diluted 1:10000) (SigmaAldrich Cat# M8421, RRID:AB_477248) and α-tubulin (mouse, diluted 1:1000) (Sigma-Aldrich Cat# T8203, RRID: AB_1841230) and NAD (Sigma-Aldrich, Cat# NAD100-RO) were obtained from Sigma-Aldrich Corporation (St. Louis, MO, USA). Antibodies against Lamin B1 (rabbit, diluted 1:1000) (Abcam Cat# ab133741, RRID:AB_2616597) and ERK5 (rabbit, diluted 1:1000) (Abcam Cat# ab40809, RRID: AB_732214) were purchased from Abcam (Cambridge, MA, USA). Antibody against total PKC-ζ (mouse, diluted 1:500) and ANF (mouse, diluted 1:500) (Santa Cruz Biotechnology Cat# sc-80686, RRID:AB_2155598) were purchased from Santa Cruz Biotechnology (Dallas, TX, USA). GSK2334470 was purchased from Selleckchem (USA).
Nomenclature of targets and ligands
Key protein targets and ligands in this article are hyperlinked to corresponding entries in http://www. guidetopharmacology.org, the common portal for data from the IUPHAR/BPS Guide to PHARMACOLOGY (Harding et al., 2018) , and are permanently archived in the Concise Guide to PHARMACOLOGY 2017/18 (Alexander et al., 2017a,b) .
Results
SIRT1 blocked AAC-induced cardiac hypertrophic response in rat model
To explore the role of SIRT1 in cardiac hypertrophy, we employed an in vivo AAC model of cardiac hypertrophy and the SIRT1 activator resveratrol (Biala et al., 2010) . The hearts of AAC rats were clearly larger than those of sham-operated animals (sham) and presented with typical hypertrophic changes as demonstrated by gross morphologic examination, HE staining and echocardiography ( Figure 1A -J). Echocardiography revealed a tendency for increases in interventricular septum, left ventricular posterior wall thickness, ejection fraction (%) and fractional shortening (%), as well as a tendency for reduced left ventricular internal diameter in isoprenaline-treated rats ( Figure 1E-J) . The heart weight-tobody weight (HW/BW) ratio and heart weight-to-tibial length (HW/TL) ratio were both enhanced by AAC surgery ( Figure 1K ,L). In addition, the levels of hypertrophic marker β-MHC and ANF were markedly elevated in the hearts of the AAC group ( Figure 1M ). These results indicated the successful induction of cardiac hypertrophy by AAC surgery. Rats were treated with resveratrol (150 mg·kg À1 ·day À1 , intragastric) for 4 weeks after AAC surgery. As shown in Figure 1A -M, resveratrol protected the rats against AAC-induced cardiac hypertrophy. Also, the acetylation and phosphorylation of PKC-ζ was increased by AAC but inhibited by treatment with resveratrol ( Figure 1N ,O). In summary, these results demonstrated the protective role of SIRT1 in cardiac hypertrophy induced by AAC surgery, and that PKC-ζ may be modulated by SIRT1 in this process.
SIRT1 negatively regulated isoprenaline-induced cardiac hypertrophy in vivo
We further determined whether SIRT1 overexpression in rat hearts could rescue cardiac function in vivo. Adenovirus encoding SIRT1 (Ad-SIRT1) and mutant-SIRT1 (Ad-H363Y), which lacked deacetylase activity, were introduced into the rat left ventricle via intramyocardial injection. Then SD rats were injected with isoprenaline (1.5 mg·kg À1 ·day À1 ; s.c.) for 7 days. As shown in Figure 2A -M, the delivery of Ad-SIRT1 markedly repressed isoprenaline-induced cardiac hypertrophy in vivo. However, the delivery of Ad-H363Y failed to repress isoprenaline-induced cardiac hypertrophy in vivo (Supporting Information Figure S1A-N) . These results implied that overexpression of SIRT1 protected rats from cardiac hypertrophy induced by isoprenaline treatment in vivo and this protective effect depended on the deacetylase activity of SIRT1. Furthermore, PKC-ζ acetylation and PKC-ζ phosphorylation (Thr 410 ) were increased by isoprenaline treatment and such increases were suppressed by Ad-SIRT1 treatment ( Figure 2N,O) . These results demonstrated that SIRT1 negatively regulated the modulation of the acetylation and phosphorylation of PKC-ζ in cardiac hypertrophy in vivo.
PKC-ζ was required for hypertrophic response in vivo
Tthe acetylation and phosphorylation (Thr 410 ) of PKC-ζ was increased in cardiac hypertrophy in vivo and this increased was blocked by SIRT1 activation or Ad-SIRT1 treatment. To investigate the involvement of PKC-ζ in cardiac hypertrophy, adeno-associated virus encoding the si-RNA sequence of PKC-ζ (AAV-si-PKC-ζ) was introduced into the rat left ventricle via intramyocardial injection. As shown, the delivery of AAV-si-PKC-ζ clearly attenuated the hypertrophic response, as demonstrated by gross morphologic examination, HE staining, echocardiography ( Figure 3A -J), the HW/BW and HW/TL ratios and the expression of hypertrophic marker genes ( Figure 3K -M). Taken together, our results showed that PKC-ζ was required for cardiac hypertrophy.
PKC-ζ activation was elevated and SIRT1 enzyme activity was suppressed in phenylephrine-induced cardiomyocyte hypertrophy
Phenylephrine has been widely utilized as a stimulus of cardiac hypertrophy (Liu et al., 2015) . Cultures of NRCMs were incubated with 100 μM phenylephrine for the times indicated. Cardiomyocyte hypertrophy was induced by treatment with phenylephrine for 24 h, as indicated by the increased cardiomyocyte surface area ( Figure 4A ) and the mRNA levels of the hypertrophic markers, including ANF and BNP ( Figure 4B ). In these hypertrophic cardiomyocytes, PKC-ζ phosphorylation (Thr 410 ) was significantly elevated, and there was no visible change on total PKC-ζ expression ( Figure 4C ), indicating that PKC-ζ activity was augmented in response to phenylephrine stimulation. The expression of SIRT1 was determined by qRT-PCR and Western blotting. As shown in Figure 4D ,E, the mRNA and protein levels of SIRT1 were significantly increased by phenylephrine treatment, compared to the control, while its deacetylase activity was markedly decreased by phenylephrine treatment in a time-dependent manner ( Figure 4F ). Phenylephrine treatment also significantly reduced the NAD content of cardiomyocytes in a time-dependent manner ( Figure 4G ). To explore the effect of NAD on deacetylase activity of SIRT1, primary cultures of NRCMs were preincubated with 50 mM NAD followed by treatment with or without 100 μM phenylephrine for 24 h. The results showed that the phenylephrine-induced decrease in SIRT1 deacetylase activity was partly blocked by NAD supplementation ( Figure 4H ). These observations suggested that PKC-ζ was activated when SIRT1 activity SIRT1 represses PKC-ζ activity in cardiac hypertrophy was repressed in phenylephrine-induced cardiomyocyte hypertrophy, and the reduction of deacetylase activity of SIRT1 may be attributed to the decline of NAD in cardiac hypertrophy. The up-regulation of SIRT1 induced by phenylephrine may be a compensatory mechanism and counteracted by reduced enzyme activity.
Figure 3
PKC-ζ was required for the hypertrophic response in vivo. SD rats received intramyocardial injections of adeno-associated virus encoding si-PKC-ζ (AAV-si-PKC-ζ, 10 12 particles), the control animals received si-NC (AAV-si-NC, 10 12 particles), followed by isoprenaline injection 
PKC-ζ was required for hypertrophic response in cardiomyocytes induced by phenylephrine
To study the role of PKC-ζ in the cardiomyocytes, we examined the effect of PKC-ζ on the hypertrophic response in NRCMs. NRCMs were transfected with Ad-PKC-ζ or an empty vector for 48 h with or without phenylephrine treatment ( Figure 5A ). The cardiomyocyte hypertrophy was monitored by measuring cell surface area and the mRNA levels of ANF and BNP, which are biomarkers of the hypertrophic response (Du, 2007) . As shown in Figure 5B ,C, the cell surface area and the mRNA levels of ANF and BNP were significantly elevated by Ad-PKC-ζ and phenylephrine stimulation. Data showed that both Ad-PKC-ζ and phenylephrine stimulation increased nuclear p65 protein level ( Figure 5D ), promoted the binding activity of NF-κB to target probes ( Figure 5E ) and up-regulated the levels of phosphorylated ERK1/2 and ERK5 ( Figure 5F ,G). SIRT1 deacetylase activity (F) and intracellular NAD contents (G) were measured, in primary NRCMs stimulated with phenylephrine (100 μM) for the indicated times. (H) The SIRT1 deacetylase activity was measured in primary NRCMs pretreated with NAD (50 mM) for 1 h followed by treatment with phenylephrine (100 μM) for 24 h. Data are presented as means ± SEM. *P < 0.05, significantly different from control (CON), n = 5.
Taken together, these results indicated that overexpression of PKC-ζ increased cardiomyocyte hypertrophy, enhanced NF-κ B activity and activated ERK1/2 and ERK5 signal pathways in NRCMs. These effects were enhanced when Ad-PKC-ζ and phenylephrine were used concurrently.
To investigate the effect of endogenous PKC-ζ on phenylephrine-induced cardiomyocyte hypertrophy, PKC-ζ was knocked down by RNA interference in NRCMs. In line with our previous work (Li et al., 2016) , knockdown of PKC-ζ ( Figure 6A ) protected cardiomyocytes from phenylephrine- The DNA binding activity of NF-κB was determined by EMSA. The graph shows one representative experiment of five independent experiments. (F, G) The protein expressions of phosphorylated ERK1/2 (p-ERK1/2), total ERK1/2, phosphorylated ERK5 (p-ERK5) and total ERK5 were measured by Western blotting. Data are presented as means ± SEM. *P < 0.05, significantly different from Ad-GFP, # P < 0.05, significantly different from Ad-GFP + PE, n = 5.
stimulated hypertrophy, as revealed by the decrease of the cell surface area ( Figure 6B ), as well as the mRNA levels of ANF and BNP ( Figure 6C ). Data showed that knockdown of PKC-ζ clearly reversed the increase of nuclear p65 ( Figure 6D ), the DNA binding activity of NF-κB ( Figure 6E ) and the activation of ERK1/2 and ERK5 ( Figure 6F ,G), as induced by treatment with phenylephrine. These findings suggested that PKC-ζ increased the cardiomyocyte hypertrophic response and the mechanism(s) underlying the effect of PKC-ζ on cardiomyocyte hypertrophy The DNA binding activity of NF-κB was determined by EMSA. The graph shows one representative experiment of five independent experiments. (F, G) The protein expressions of phosphorylated ERK1/2 (p-ERK1/2), total ERK1/2, phosphorylated ERK5 (p-ERK5) and total ERK5 were measured by Western blotting. Data were presented as means ± SEM. *P < 0.05, significantly different from si-NC, # P < 0.05, significantly different from si-NC + PE, n = 5.
involved the regulation of NF-κB, ERK1/2 and ERK5 signal pathways.
SIRT1 protected cardiomyocytes from cardiac hypertrophy induced by phenylephrine and regulated nuclear translocation of NF-κB and activation of ERK1/2, ERK5 via PKC-ζ
To confirm the role of SIRT1 in cardiomyocyte hypertrophy, NRCMs were infected with plasmid expressing wild-type SIRT1 (SIRT1) or the catalytically inactive SIRT1 mutant plasmid (H363Y). Both the expression and deacetylase activity of SIRT1 were raised in cells transfected with wild-type SIRT1. However, in cells transfected with the mutant H3463Y, the protein expression of SIRT1 was increased, but its deacetylase activity remained at control level ( Figure 7A,B) . As shown in Figure 7C ,D, SIRT1 overexpression clearly attenuated the hypertrophic response triggered by phenylephrine, as demonstrated by the reduction of cell surface area and mRNA levels of ANF and BNP. However, overexpression of H363Y showed no obvious effect on hypertrophic response. To further determine the role of SIRT1 in cardiac hypertrophy, the effect of endogenous SIRT1 on the hypertrophic response was also elucidated by silencing the SIRT1 gene. As shown in Figure 7E , both phenylephrine treatment and SIRT1 knockdown significantly augmented the cell surface area in NRCMs, accompanied by increase of mRNA levels of ANF and BNP ( Figure 7F ). These results implied that SIRT1 protected cardiomyocytes against hypertrophy stress induced by phenylephrine treatment in vitro and this protective effect depended on the deacetylase activity of SIRT1. Next, we analysed the role of PKC-ζ in hypertrophic response induced by SIRT1 knockdown. Cardiomyocytes were transfected with SIRT1 siRNA (si-SIRT1), PKC-ζ siRNA (si-PKC-ζ) and negative control (si-NC) for 48 h with or without phenylephrine treatment ( Figure 7H ). Si-PKC-ζ protected cardiomyocytes from hypertrophy induced both by phenylephrine treatment and si-SIRT1 transfection, as revealed by the decrease of the cell surface area ( Figure 7G ), as well as the mRNA levels of ANF and BNP ( Figure 7I ). In addition, si-PKC-ζ clearly reversed the increase of nuclear p65 ( Figure 7J ), the DNA binding activity of NF-κB ( Figure 7K ) and the activation of ERK1/2 and ERK5 ( Figure 7L ) induced by phenylephrine treatment or si-SIRT1 transfection. These results suggested that critical signalling pathways in cardiac hypertrophy such as those involving NF-κB, ERK1/2 and ERK5 could be regulated by PKC-ζ and SIRT1. SIRT1 may neutralize the stimulation by PKC-ζ of these pathways in the hypertrophic response, and this effect may indicate the mechanism underlying the protection by SIRT1 against cardiac hypertrophy.
SIRT1 mediated PKC-ζ activity via regulating acetylation and phosphorylation of PKC-ζ in cardiac hypertrophy
The activity of PKC-ζ can be demonstrated by measuring phosphorylation of PKC-ζ at threonine410 because the activation of PKC-ζ is dependent on phosphorylation at this site (Hirai and Chida, 2003) . In hypertrophic NRCMs induced by phenylephrine, the phosphorylation level of PKC-ζ at Thr 410 was significantly increased, but the protein level of total PKC-ζ was not altered (Figure 8A,B) . However, PKC-ζ phosphorylation (Thr 410 ) was suppressed by SIRT1 overexpression in phenylephrine-induced hypertrophy. By contrast, the decrease of PKC-ζ phosphorylation (Thr 410 ) was not observed when the cells were transfected with mutant SIRT1 (H363Y) which lacked the deacetylase activity, indicating that the inhibition of PKC-ζ by SIRT1 depended on the deacetylase activity of SIRT1. SIRT1 is well-known to deacetylate a series of non-histone substrates and affect their function (Kida and Goligorsky, 2016; Karbasforooshan and Karimi, 2017) . Our experiments showed that the modulation by SIRT1, of PKC-ζ function depended on the deacetylation activity of SIRT1. We further determined whether PKC-ζ is deacetylated by SIRT1 in NRCMs. Figure 8C showed that PKC-ζ acetylation was increased by phenylephrine treatment and this increase was counteracted by overexpression of SIRT1. By contrast, PKC-ζ acetylation status did not change when the cell was transfected with H363Y.
Enhancement of SIRT1 activation through overexpression indicated the inhibitory effects of SIRT1 on increased PKC-ζ phosphorylation (Thr 410 ). To explore the involvement of SIRT1 in the activation of PKC-ζ, endogenous SIRT1 was inhibited with a specific inhibitor of SIRT1, EX527 (5 μM, dissolved in DMSO) (Huang et al., 2013) or knocked down with siRNA in NRCMs. As shown in Figure 8D ,E, EX527 treatment and SIRT1 knockdown significantly elevated PKC-ζ phosphorylation (Thr 410 ), without affecting the expression of total PKC-ζ. At the same timethe modulation by SIRT1 of PKC-ζ acetylation was further confirmed by transfection with si-SIRT1. As the data showed, si-SIRT1 elevated PKC-ζ acetylation level ( Figure 8F) . Thus, these results demonstrated that SIRT1 blocked the phosphorylation, acetylation and activation of PKC-ζ, in hypertrophic cardiomyocytes and that SIRT1 insufficiency triggered cardiomyocyte hypertrophy. Next, the interaction of SIRT1 with PKC-ζ was assessed to elucidate the mechanism by which SIRT1 modulated the PKC-ζ pathway. As shown in the co-immunoprecipitation (co-IP) ( Figure 8G ) and reverse co-IP ( Figure 8H ) results, SIRT1 and PKC-ζ interacted with each other under control condition, and the interaction was clearly enhanced by phenylephrine treatment. Moreover, as shown in Supporting Information Figure S3A ,B, we observed a physical association between SIRT1 and PKC-ζ both in the nucleus and in the cytoplasm of cardiomyocytes. Additionally, the intracellular colocalization of SIRT1 (green) and PKC-ζ (red) in NRCMs was confirmed by confocal microscopy ( Figure 8I ), thus providing a subcellular foundation for the interaction between SIRT1 and PKC-ζ. These findings suggested a direct interaction between SIRT1 and PKC-ζ in cardiomyocytes. Taken together, our data suggested that SIRT1 directly bound to PKC-ζ protein and acted as a deacetylase.
As shown in Figures 1, 2 and 8, SIRT1 negatively regulated the phosphorylation and activation of PKC-ζ, both in vivo and in vitro, whereas the activation of PKC-ζ is attributable to protein-protein interactions and phosphorylation by PDK-1 of the activation loop (Hirai and Chida, 2003) . To elucidate why SIRT1 affected PKC-ζ activation, we determined whether SIRT1 altered the association between PDK-1 and PKC-ζ. Co-IP analysis revealed that endogenous PDK-1 formed a complex with PKC-ζ .and such interactions were SIRT1 protected cardiomyocytes from cardiac hypertrophy induced by phenylephrine via inhibiting PKC-ζ activation. Cardiomyocytes were transfected with plasmids expressing wild-type SIRT1 (SIRT1), a mutant SIRT1 (H363Y) or vector for 48 h, and then whole-cell lysates were extracted to measure the protein expression (A) and deacetylase enzyme activity (B) of SIRT1. Data are presented as means ± SEM. *P < 0.05, significantly different from Vector, # P < 0.05, significantly different from versus SIRT1, n = 5. (C) Cell surface area was measured by rhodamine-phalloidin staining. Scale bar: 20 μm. (D) The mRNA levels of hypertrophic biomarkers (ANF and BNP) were detected by qRT-PCR. Data were presented as means ± SEM. *P < 0.05, significantly different from Vector, # P < 0.05, significantly different from Vector + PE, n = 5.
NRCMs were transfected with SIRT1 siRNA (si-SIRT1) or negative control (si-NC) for 24 h and treated with or without 100 μM phenylephrine for another 24 h. (E) Cell surface area was measured by rhodamine-phalloidin staining. Scale bar: 20 μm. The protein expression of phosphorylated PKC-ζ (p-PKC-ζ,-Thr410) and total PKC-ζ were measured by Western blotting. *P < 0.05, significantly different from Vector, # P < 0.05 , significantly different from Vector + PE, n = 5.
(D, E) NRCMs were incubated with SIRT1 inhibitor EX527 (5 μM, 1 h, diluted in DMSO) or transfected with si-SIRT1, followed by incubation with phenylephrine (100 μM for 2 h). The protein expression of p-PKC-ζ (Thr
410
) and total PKC-ζ were measured by Western blotting. *P < 0.05, significantly different from DMSO or si-NC. (C, F) Immunoprecipitation analysis showed the acetylation level of PKC-ζ. Data are presented as means ± SEM, *P < 0.05, significantly different from Vector or si-NC, # P < 0.05, significantly different from Vector + PE or si-NC + PE, n = 5. n.s., non-significant. n = 5. (G, H) Immunoprecipitation (G) and reverse immunoprecipitation (H) analysis showed the interaction between SIRT1 and PKC-ζ in cardiomyocytes treated with or without PE, n = 5. Data are presented as means ± SEM, *P < 0.05, significantly different from CON, n = 5. (I) The intracellular colocalization of SIRT1 (green) and PKC-ζ (red) in NRCMs was identified by confocal immunofluorescence microscopy. Scale bar: 10 μm. attenuated by overexpression of SIRT1 ( Figure 9A) . Furthermore, the interaction between endogenous PDK-1 and PKC-ζ was reinforced by SIRT1 knockdown (Figure 9B ), while neither SIRT1 overexpression nor SIRT1 knockdown altered the activity and the expression of PDK-1 (Supporting Information Figure S4A , B). These results suggested that SIRT1 negatively regulated the interaction between PDK-1 and PKC-ζ without affecting their expression. Additionally, the intracellular colocalization of PDK-1 (green) and PKC-ζ (red) in NRCMs was confirmed by confocal microscopy ( Figure 9C ). Both phenylephrine stimulation and si-SIRT1 promoted the colocalization of PDK-1 and PKC-ζ, whereas overexpression of SIRT1 decreased the colocalization of PDK-1 and PKC-ζ. The immunofluorescence results were consistent with our co-IP results. To prove that the regulation of SIRT1 on PKC-ζ depended on PDK-1, PDK-1 was knocked down by RNA interference or inhibited by GSK2334470 in NRCMs. As shown in Figure 9D ,E, phenylephrine stimulation and SIRT1 knockdown significantly elevated the level of p-PKC-ζ (Thr 410 ), which was reversed by PDK-1 knockdown or PDK-1 inhibition. Thus, the present results demonstrated that SIRT1 negatively regulated PKC-ζ phosphorylation in cardiomyocytes via PDK-1. Taken together, our data may reveal a new mechanism by which SIRT1 modulated PKC-ζ through post-translational modification. Deacetylation of PKC-ζ by SIRT1 may attenuate the association between PDK-1 and PKC-ζ, thus suppressing PKC-ζ phosphorylation and function in cardiac hypertrophy.
Discussion
Seven sirtuin family proteins (SIRT1-7) have been identified as the mammalian orthologues of yeast SIR2. SIRT1 is evolutionarily close to yeast SIR2 and has been the most intensively investigated in the cardiovascular system. SIRT3 protects cardiomyocytes from ageing and oxidative stress and suppresses cardiac hypertrophy (Sundaresan et al., 2009) . SIRT4 promotes hypertrophic growth, the generation of fibrosis and cardiac dysfunction by increasing ROS levels upon pathological stimulation (Luo et al., 2017) . SIRT6 has also recently been demonstrated to attenuate cardiac hypertrophy (Webster, 2012) , and our previous studies showed that SIRT6 suppressed cardiomyocyte hypertrophy via inhibition of NF-κB-dependent transcriptional activity (Yu et al., 2013) . On the other hand, the roles of SIRT5 and SIRT7 in cardiac hypertrophy remain largely uncharacterized.
SIRT1, a NAD-dependent protein deacetylase, is a member of the sirtuin family (Sosnowska et al., 2017) and this sirtuin plays an essential role in cardiac development (Cheng et al., 2003; McBurney et al., 2003; Tanno et al., 2007) . SIRT1-deficient mice rarely survive postnatally and exhibit developmental abnormalities in several organs, including the heart (Cheng et al., 2003; McBurney et al., 2003) . Moreover, activation of SIRT1 prevents the pathogenesis of cardiac hypertrophy (Alcendor et al., 2007; Planavila et al., 2011; Geng et al., 2013; Yu et al., 2013) . In line with these studies, we found that SIRT1 protected AAC-induced cardiac hypertrophic response and cardiac hypertrophy in a rat model, induced by isoprenaline. It is relevant to note that cardiac function elevated in our rat model, and it is possible that the hypertrophy was still in its compensatory phase whereas in the C57 mouse model (Hua et al., 2012) , the cardiac hypertrophy had already entered decompensation and the AAC procedure decreased cardiac function. This difference may reflect the different species involved in the two models.
Furthermore, our study demonstrated that overexpression of wild-type SIRT1 prevented phenylephrine-induced hypertrophic response in cultures of NRCMs while overexpression of mutant SIRT1 (H363Y), a mutation lacking deacetylase activity, did not affect the hypertrophic response. Moreover, the delivery of Ad-SIRT1 markedly repressed isoprenaline-induced cardiac hypertrophy in vivo, but the delivery of Ad-H363Y failed to repress isoprenaline-induced cardiac hypertrophy, implying that the protective effect of SIRT1 on cardiac hypertrophy depended on its deacetylase activity.
PKCs, a family of serine/threonine protein kinase enzymes, also play critical roles in cardiac remodelling and dysfunction in heart failure (Palaniyandi et al., 2009) . PKC-ζ is known to be activated by lipid components, such as phosphatidylinositols, phosphatidic acid, arachidonic acid and ceramide (Fox et al., 2007; Steinberg, 2012) . However, relatively little is known about the endogenous negative regulators of PKC-ζ, which may have therapeutic potential to ameliorate cardiac hypertrophy. In our study, the role of PKC-ζ was investigated in NRCMs with hypertrophy induced by phenylephrine and the model of cardiac hypertrophy in vivo, induced by AAC or isoprenaline treatment. The activity of PKC-ζ, which was assessed by phosphorylation of Thr410 within its activation loop (Chou et al., 1998; Hirai and Chida, 2003; Fox et al., 2007) , increased significantly in these cardiac hypertrophy models (Figures 1, 2 and 8) . Genetic silencing of PKC-ζ attenuated phenylephrine-induced cardiomyocyte hypertrophy (Li et al., 2016) .
Given that both SIRT1 and PKC-ζ participate in the regulation of cardiac hypertrophy, we hypothesized that these two proteins may coordinate with each other in this regulation. Modulation by SIRT1 of the acetylation and phosphorylation of PKC-ζ were also observed in rat heart tissues of various models. PKC-ζ acetylation and PKC-ζ phosphorylation (Thr 410 ) were increased by AAC surgery and alleviated after treatment with resveratrol. Similarly, PKC-ζ acetylation and PKC-ζ phosphorylation (Thr 410 ) were markedly increased by isoprenaline treatment and alleviated by treatment with Ad-SIRT1. Furthermore, the co-IP and confocal microscopy results indicated a physical interaction between SIRT1 and PKC-ζ in cardiomyocytes, which was significantly enhanced by phenylephrine treatment. Moreover, genetic silencing of SIRT1 or inhibition of SIRT1 with EX527 increased the activation of PKC-ζ. These results supported our initial hypothesis that SIRT1 negatively regulated PKC-ζ activation in cardiac hypertrophy and that such regulation depended on the deacetylase function of SIRT1. The activation of PKC-ζ relies on its interaction with PDK-1. Following activation by binding to PIP 3 , PDK-1 binds to PKC-ζ and phosphorylates the Thr410 residue of PKC-ζ (Chou et al., 1998; Le Good et al., 1998; Hirai and Chida, 2003) . To further elucidate the mechanism by which deacetylation by SIRT1 affected PKC-ζ phosphorylation and activation, the interactions between SIRT1, PDK-1 and PKC-ζ were explored in the present study. We found that, the interaction between endogenous PDK-1 and PKC-ζ was attenuated by SIRT1 overexpression and strengthened after SIRT1 knockdown. These SIRT1 represses PKC-ζ activity in cardiac hypertrophy findings suggested that SIRT1 negatively regulated the interaction between PDK-1 and PKC-ζ. Taken together, our study revealed a new mechanism by which SIRT1 could modulate PKC-ζ through post-translational modification. In this mechanism, SIRT1 might deacetylate PKC-ζ, thus altering the spatial conformation of PKC-ζ and decreasing the interaction between PDK-1 and PKC-ζ which would consequently block the activation of PKC-ζ by PDK-1. This would decrease the downstream signalling pathways activated by PKC-ζ including those involving NF-κB, ERK1/2 and ERK5, leading to and amelioration of the cardiac hypertrophic response. It remains unclear how PKC-ζ deacetylation mediated by SIRT1 affected its interaction with PDK-1. By using the acetylation site prediction platform (PHOSIDA: http://www. phosida.com/), four potential lysine acetylation sites -K136, K265, K281 and K473 -were identified in PKC-ζ. As these sites are all located in the PKC-ζ kinase domain, which is required for the complex formation between PKC-ζ and PDK-1 (Le Good et al., 1998) , it is possible that acetylation of these lysine residues might strengthen the binding with PDK-1. Thus, SIRT1-mediated deacetylation of these residues might decrease the interaction with PDK-1.
In summary, we have identified SIRT1 as an endogenous negative regulator for PKC-ζ and shown that SIRT1 and PKC-ζ form a regulatory loop in cardiac hypertrophy. Mechanistically, SIRT1 could interact with PKC-ζ physically and cause its deacetylation, thereby suppressing the interaction of PKC-ζ and PDK-1 and reducing the phosphorylation of PKC-ζ at Thr410 by PDK-1, and leading to the inhibition of the downstream signalling pathways of PKC-ζ which are closely related to cardiac hypertrophy (Figure 10 ). These findings reveal that the interplay of PKC-ζ acetylation and phosphorylation is critical in the pathogenesis of cardiac hypertrophy. Targeting SIRT1-PKC-ζ signalling axis may provide a novel therapeutic approach against cardiac hypertrophy.
Figure 10
SIRT1 protected cardiomyocytes from cardiac hypertrophy induced by phenylephrine via PKC-ζ. As an endogenous negative regulator for PKC-ζ, SIRT1 interacts with PKC-ζ physically and causes its deacetylation under a hypertrophic stimulus, subsequently suppresses the interaction of PKC-ζ and PDK-1 and reduces PKC-ζ phosphorylation. Finally, the downstream signalling pathways related to cardiac hypertrophy are affected.
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https://doi.org/10.1111/bph.14538( Figure S1 Ad-mutant-SIRT1 (Ad-H363Y) failed to repress isoprenaline-induced cardiac hypertrophy in vivo. SD rats were submitted to intramyocardial injection of adenovirus encoding mutant-SIRT1 (Ad-H363Y, 10 10 particles), the control animals received green fluorescent protein (Ad-GFP, 1010 particles), followed by isoprenaline injection (1.5 mg·kg (E) The protein expression of SIRT1 was shown by IHC staining. Scale bar: 5 mm (B), 50 μm (C), 50 μm (E). (L and M) The HW/BW and HW/TL ratios were calculated. (N) The protein expressions of beta-MHC and ANF were measured by Western blotting. Data were presented as means ± SEM. *P < 0.05 vs Ad-GFP + NS group, n.s., non significant., n = 6. Figure S2 SIRT1 inhibited the nuclear translocation of NF-κB and activation of ERK1/2, ERK5 induced by Ad-PKC-zeta. NRCMs were transfected with plasmid expressing wild-type SIRT1 (SIRT1) or Ad-PKC-zeta. (A) Cell surface area was measured by rhodamine-phalloidin staining. Scale bar: 20 μm. (B) The mRNA levels of hypertrophic biomarkers (ANF and BNP) were detected by qRT-PCR. (C) Western blot analysis showed the protein level of p65 in the nucleus. (D) The DNA binding activity of NF-κB was determined by electrophoretic mobility shift assay (EMSA). The graph showed one representative experiment of five independent experiments. (E and F) The protein expressions of phosphorylated ERK1/2 (p-ERK1/2), total ERK1/2, phosphorylated ERK5 (p-ERK5) and total ERK5 were measured by Western blotting. Data were presented as means ± SEM. *P < 0.05 vs Ad-GFP + Vector, # P < 0.05 vs Ad-PKC-zeta + Vector, n = 5. Figure S3 SIRT1 and PKC-zeta interacted with each other in the nucleus and cytoplasm. (A and B) Immunoprecipitation analysis showed the interaction between SIRT1 and PKC-zeta in the nucleus and cytoplasm in cardiomyocytes, n = 5. Figure S4 SIRT1 did not directly alter PDK-1 activation or expression. (A-B) The protein expressions of phosphorylated PDK-1 (p-PDK-1) and total PDK-1 were measured by Western blotting. Data were presented as means ± SE, n = 5, n.s., non significant.
